Cranial grafting of stem cell-derived microvesicles improves cognition and reduces neuropathology in the irradiated brain Edited by James E. Cleaver, University of California, San Francisco, CA, and approved February 26, 2016 (received for review November 2, 2015) Cancer survivors face a variety of challenges as they cope with disease recurrence and a myriad of normal tissue complications brought on by radio-and chemotherapeutic treatment regimens. For patients subjected to cranial irradiation for the control of CNS malignancy, progressive and debilitating cognitive dysfunction remains a pressing unmet medical need. Although this problem has been recognized for decades, few if any satisfactory long-term solutions exist to resolve this serious unintended side effect of radiotherapy. Past work from our laboratory has demonstrated the neurocognitive benefits of human neural stem cell (hNSC) grafting in the irradiated brain, where intrahippocampal transplantation of hNSC ameliorated radiation-induced cognitive deficits. Using a similar strategy, we now provide, to our knowledge, the first evidence that cranial grafting of microvesicles secreted from hNSC affords similar neuroprotective phenotypes after headonly irradiation. Cortical-and hippocampal-based deficits found 1 mo after irradiation were completely resolved in animals cranially grafted with microvesicles. Microvesicle treatment was found to attenuate neuroinflammation and preserve host neuronal morphology in distinct regions of the brain. These data suggest that the neuroprotective properties of microvesicles act through a trophic support mechanism that reduces inflammation and preserves the structural integrity of the irradiated microenvironment.
radiation-induced cognitive dysfunction | microvesicles | dendritic complexity | human neural stem cells | neuroinflammation W ith improved diagnosis and treatment, cancer survivorship continues to rise but often at the cost of quality of life. The unintended neurocognitive sequelae resulting from cranial irradiation used to treat primary and secondary malignancies of the brain are both progressive and debilitating (1, 2) . Despite the recognition and prevalence of these adverse side effects, relatively few, if any, long-term satisfactory solutions exist for this unmet medical need. Past work from our laboratory has optimized transplantation parameters and established many of the long-term benefits of human stem cell-based therapies for the treatment of radiationinduced cognitive dysfunction (3) (4) (5) . Cranially grafted stem cells have been shown to impart persistent improvements in behavioral performance in irradiated rats over extended postirradiation intervals (1-8 mo) using short-and long-term cognitive testing paradigms (4, 6, 7) . These studies have shown that our stem cell-based approaches improve the functional plasticity of the host brain through a variety of mechanisms including (i) the suppression of neuroinflammation (5), (ii) the addition of new cells to active hippocampal circuits (4), and (iii) a long-term trophic support mechanism that facilitates the expression of activity-regulated cytoskeletonassociated protein that functions in multiple ways as a molecular determinant of memory (7) . Moreover, using a distinctly different injury paradigm, stem cell grafting preserved host neuronal morphology in rats that otherwise experienced significant disruptions to dendritic complexity following a chronic chemotherapy regimen (8) .
Although human stem cell therapies have proved promising for a number of clinical scenarios including the treatment of disease or traumatic injury, they are not without risk. Among the concerns regarding stem cell use is the possibility of teratoma formation and immune rejection requiring immunosuppression. One strategy to circumvent the caveats of engrafting stem cells into the irradiated brain is to transplant stem cellderived microvesicles (MV) instead of the stem cells themselves. These small membrane-bound vesicles are generated by many cell types and contain bioactive cargo such as proteins, lipids, mRNAs, and micro-RNAs (9) . MV are now recognized as regulators of biological processes, with specific cargo capable of controlling signaling and function of target cells (10) . For this reason, MV represent a unique paracrine signaling mechanism with therapeutic potential. The literature demonstrates that MV are capable of effectively promoting recovery of the CNS after traumatic brain injury or stroke (11, 12) . We hypothesize that this same cell-free therapeutic approach will, at least in part, mitigate radiation-induced damage to the brain by delivering beneficial cargo. As proof of principle, in this study we have grafted human neural stem cell (hNSC)-derived MV into the hippocampus of the host brain and assessed their ability to reduce neuroinflammation and protect neuronal structure, ultimately sparing the brain from the cognitive deficits induced by irradiation.
Significance
Cranial irradiation used during the clinical management of brain cancer is associated with severe cognitive decline and represents a particular concern for pediatric cancer survivors. Irradiation triggers neuroinflammation and compromises the structure of neurons, factors that are contributory if not causal to radiation-induced cognitive dysfunction. Our previous data have shown that intrahippocampal transplantation of human neural stem cells (hNSCs) could ameliorate radiation-induced behavioral deficits and improve neuronal plasticity. These beneficial neurocognitive effects were hypothesized to act through a trophic support mechanism involving the secretion of microvesicles acting on host neuronal circuitry. Here we show that cranial grafting of hNSC-derived microvesicles reverses or prevents radiation-induced cognitive dysfunction through mechanisms involving the suppression of inflammation and the preservation of host neuronal architecture.
Results Novel Place Recognition. One month after transplantation of MV, animals were habituated and tested on the novel place recognition (NPR) task (Fig. 1A) . The total exploration of objects during the familiarization and test phases were found to be indistinguishable between all cohorts for this task. Group means and 95% confidence intervals (CIs) for the discrimination indices (DIs) were as follows: 0 Gy Control (Con, mean = 48.13, 95% CI = 32.48-63.78), 10 Gy irradiated (IRR, mean = 12.63, 95% CI = 8.348-33.61), and irradiated receiving MV transplantation (IRR+ MV, mean = 39.32, 95% CI = 25.97-52.68). A significant overall group effect was found, F(2, 25) = 5.651, P = 0.009, for the DI to differ between groups. Following a 1-h retention interval between familiarization and test phases, IRR animals spent significantly less time exploring the novel place compared with Con (P = 0.01) and IRR+MV (P = 0.05) groups. In contrast, IRR+MV animals did not differ from Con animals. These data indicate that transplantation of MV improved spatial exploration behavior on the NPR task after irradiation compared with irradiated but nontransplanted animals.
Novel Object Recognition. After NPR testing, animals were habituated and subject to a novel object recognition (NOR) task (Fig. 1B) . As before, animals explored familiar and novel objects equally during this task. The group means and 95% CIs for the DI were as follows: Con (mean = 46.43, 95% CI = 36.24-56.61), IRR (mean = 1.25, 95% CI = -18.86-21.37), and IRR+MV (mean = 38.62, 95% CI = 18.77-58.47). Again, a significant overall group effect was found, F(2, 31) = 6.175, P = 0.005, for the DIs to differ between groups. Following a 5-min retention interval between familiarization and test phases, IRR animals spent significantly less time exploring the novel object compared with Con (P = 0.001) and IRR+MV (P = 0.01) groups. As in the prior task, the DIs for Con and IRR+MV groups were statistically indistinguishable. Thus, MV grafting improved novel object exploration behavior in irradiated animals.
Object in Place.
The third open arena test used to evaluate cognitive function was the object in place (OiP) task (Fig. 1C) . Total exploration times for the objects followed similar trends as those observed for the previous tests. Rats having intact cortical function exhibit a preference for objects that had been moved to a novel location. The group means and CIs for the DI in each cohort were as follows: Con (mean = 24.08, 95% CI = 16.87-31.28), IRR (mean = -14.90, 95% CI = -27.91 to -1.89), and IRR+MV (mean = 38.26, 95% CI = 32.35-44.17). The overall group effect for DI between the three cohorts was again found to differ significantly, F(2, 31) = 52.66, P < 0.0001. Following familiarization, test phases showed that IRR animals spent significantly less time exploring the novel placement of objects compared with the Con (P = 0.001) and IRR+MV (P = 0.001) groups. Once again, the Con and IRR+MV groups did not differ statistically and showed a distinct preference for those objects placed at novel locations. These data again demonstrate that cranial grafting of MV improves exploration behavior after irradiation.
Temporal Order. After OiP testing, rats were habituated and tested on the temporal order (TO) task (Fig. 1D ). After familiarization with two sets of objects presented 4 h apart (sample phases 1 and 2) and 1 h after sample phase 2, rats were subjected to the test phase using one of the same objects presented in each of the earlier phases. Animals with intact perirhinal cortical function exhibit a preference for the object explored during sample phase 1 over the more recently explored, sample phase 2 object. Total exploration of the objects during the familiarization and test phases were reduced, albeit not significantly, after irradiation compared with Con and IRR+MV groups. Control and grafted cohorts were again not found to differ statistically. Although group differences did not reach significance for this task, overall trends indicate that transplantation of MV afforded some improvement in exploration behavior after irradiation.
In summary, for each open arena task, exploration ratios were normalized by the time spent at a familiar location or object by calculating the DI. In nearly every instance, a preference for novelty was found to be significantly higher for Con and IRR+MV groups in comparison with the IRR group, demonstrating the beneficial neurocognitive effects of MV transplantation ( . Using repeated measures (RM) ANOVA, a significant overall Group × Phase interaction effect was found for the percent time spent freezing during the FC task ( Fig. 2) , F(8, 104) = 2.196, P = 0.03. RM two-way ANOVA for the context phase revealed significant differences between the IRR and Con groups (P = 0.003) and between the IRR and IRR+MV groups (P = 0.001). Groups did not differ significantly in the freezing behavior across baseline, posttraining, precue, and postcue phases, indicating a selective deficit on the hippocampal-dependent contextual memory phase of the task. During the context test phase, post hoc tests confirmed that IRR animals spent significantly less time freezing compared with the Con (P = 0.02) and IRR+MV (P = 0.002) groups, whereas the Con and IRR+MV groups did not differ. Further, because all groups showed significant increases in freezing behavior after the tone-shock pairing (posttraining phase), irradiation did not impair motor or sensory function. The fact that cued memory was intact also demonstrates that the acquisition of the tone-shock pairing was not impaired and that the deficit was specific to the memory of the context in which the pairing had been learned.
Graft Location of MV. The presence of grafted MV was confirmed at 2 d and 2 wk after surgery using rhodamine anti-green fluorescence protein (GFP) antibody immunofluorescence to amplify the GFP-CD63 signal (appearing as red puncta) and confocal Z-stack analysis of transplanted brains (Fig. 3) . At 2 d posttransplantation, MV aggregates were found predominantly dorsal to the CA1 region of the hippocampus, in the vicinity of the needle track (Fig. 3A) . Although smaller numbers of MV remained in the CA1 region of the hippocampus 2 wk postsurgery, many were found to disperse and to have migrated to the dentate gyrus (DG) region (Fig. 3 B and C) . Immunostaining indicated that a certain fraction of the MV cargo was internalized into host brain cells. Dual immunofluorescence staining for MV cargo along with neuron-specific nuclear antigen (NeuN) or glial fibrillary acidic protein (GFAP) provided evidence, albeit circumstantial, indicating fusion and internalization of MV cargo by both neuronal and astrocytic cell types (Fig. 3 D and  E, respectively) .
Neuroinflammation. Previously, we demonstrated that exposure to cranial irradiation or systemic chemotherapy increased neuroinflammation (5, 8) . To assess the impact of hNSC-derived MV on inflammation in the brain, activated microglia (ED-1 + cells) were quantified using unbiased stereology throughout the distinct brain regions including the hippocampus, neocortex (layer II/III), and amygdala (Fig. 4) . A significant overall group effect was found for the number of activated microglia in the hippocampal dentate hilus (DH), F(2, 6) = 14.32, P = 0.005, granular cell layer (GCL), F(2, 6) = 14.17, P = 0.005, and the CA1/3 subfields, F(2, 6) = 30.70, P = 0.0007, in addition to cortical layer II/III, F(2, 8) = 13.59, P = 0.003, and the amygdala, F(2, 8) = 18.00, P = 0.001, where radiation exposure induced 4-5-fold increases in ED-1 + cells, F(2, 6) = 21.47, P = 0.002 (Fig. 4D) . However, MV grafting resulted in a significant reduction in the number of activated microglia throughout the hippocampus, reducing the yield of ED-1 + cells to below control levels (29%, 12%, and 45% lower than control levels for the DH, DG, and CA3/1 regions, respectively). Similar reductions in activated microglia were observed in the cortex (layer II/III) and amygdala. These data demonstrate that MV grafting could significantly suppress radiation-induced activation of microglia in regions of the brain both proximal and distal to the engraftment site.
Neuronal Morphometry. Our past studies have shown that cranial irradiation could significantly disrupt components of neuronal architecture including dendritic length, volume, and complexity (13, 14) . To determine the potential impact of MV grafting on neuronal structure, Golgi-Cox-impregnated sections were used in detailed morphometric analyses of GCL neurons in the DG.
Panoramic bright field images of Golgi-Cox-impregnated neurons in the DG reveal the marked impact of cranial irradiation and MV grafting. Compared with controls, neuronal complexity is severely compromised after radiation exposure, an adverse effect that is reversed by MV grafting (Fig. 5 A-C) . Representative Golgi-Cox-stained neurons (Fig. 5 D-F) and Neurolucida tracings (Fig. 5 G-I ) are shown for each cohort. Quantification of dendritic parameters on GCL neurons revealed the adverse effects of radiation and the beneficial effects of MV on neuronal structure (Fig. 5 J-L) . Significant overall group effects were found for dendritic length, F(2, 9) = 9.022, P = 0.007, volume, F(2, 9) = 74.59, P = 0.0001, and complexity, F(2, 9) = 42.25, P = 0.0001, clearly demonstrating that cranial irradiation significantly compromised neuronal structure and that MV transplantation protected against this effect. Although MV transplantation did not restore dendritic volume to control levels, it did confer significant protection (P = 0.01). Transplantation was more effective in protecting other dendritic parameters, restoring dendritic length to 89% of control levels (P = 0.01) and restoring dendritic complexity to greater than control levels (P = 0.001). For each of these endpoints, data show that MV grafting preserved the structure of hippocampal GCL neurons following irradiation.
Discussion
Despite the considerable promise of using stem cells to hasten the recovery of radiation-induced normal tissue injury (for review, see ref. 15 ), issues concerning ethics, immunorejection, and teratoma formation remain significant concerns. To circumvent some of these potential confounders and to establish a potentially novel therapeutic strategy for ameliorating radiation-induced cognitive dysfunction, MV were substituted for hNSC in cranial grafting procedures following head-only irradiation. Here we report the advantages of MV transplantation, which was found to be as effective as hNSC in reversing many of the adverse indications of cranial irradiation.
Rats receiving head-only irradiation and MV grafting were found to exhibit improved performance, as assessed by four wellcharacterized and widely used cognitive tasks (Fig. 1) . These spontaneous exploration tasks interrogate various combinations of hippocampal and cortical learning and memory, providing a quantifiable readout of behavioral performance between cohorts. Data from the NPR, NOR, and OiP tasks indicate that irradiation disrupts hippocampal, medial prefrontal cortex, and perirhinal cortex circuitry, which impacts spatial, episodic, and associative recognition memory function (16) (17) (18) (19) . The use of MV isolated from hNSCs was found to elicit significant improvements on the NPR, NOR, and OiP tasks, with a trend showing similar cognitive benefits on the TO task when assessed 4-6 wk following irradiation and transplantation procedures (Fig. 1) . In contrast to those animals receiving irradiation only, the performance of animals receiving irradiation and MV grafting was indistinguishable from sham surgery controls, where both controls and transplanted animals showed significant preference for exploring the novel place and/ or object. Task redundancy and/or testing fatigue may have contributed to the loss of interest to explore novelty during the Fig. 2 . MV grafting improves behavior on the hippocampal-dependent contextual FC task. The baseline freezing levels were equivalent across groups, and all groups showed increased freezing behavior following a series of five tone-shock pairings (posttraining phase). The context test was administered 24 h later, and irradiated animals showed significantly decreased freezing compared with Con. Irradiated animals receiving MV showed increased freezing behavior that was indistinguishable from the Con group (context test bars). After the initial training phase (48 h), the context was changed, resulting in a substantial reduction in freezing behavior in all groups during the precue test. Freezing levels were subsequently restored in all groups upon sounding of the tone (cue test phase), indicating intact amygdala function. Data are presented as mean ± SEM (n = 8-12 rats per group). P values are derived from ANOVA and Bonferroni's multiple comparisons test.
Baulch et al.
PNAS Early Edition | 3 of 6 final task, thereby confounding the assignment of significant differences between groups. Irradiated animals that were interrogated using a contextual FC task were found to spend significantly less time engaged in freezing behavior than controls during the context phase of the task (Fig. 2) . These data suggest that irradiation disrupted longterm (24-h) memory for the shock-context association, which has been shown to rely on intact hippocampal function (20) . Interestingly, animals engrafted with MV following irradiation demonstrated intact freezing behavior and were statistically indistinguishable from controls in their contextual fear memory. The initial acquisition of the conditioned freezing response was not impacted in any of the cohorts (similar posttraining), nor was amygdala function (similar cue test) (20) . These data indicate that radiation-induced deficits in hippocampal function could be ameliorated using MV and were functionally equivalent to hNSCs used under similar conditions in many of our past studies (4, 8) .
Our findings clearly demonstrate that cranially grafted MV can afford functional improvements in cognition following headonly irradiation. To dissect the potential mechanisms underlying these beneficial neurocognitive effects, we followed the time course and in vivo distribution of engrafted MV containing a fluorescently labeled marker (CD63-GFP + ). The marker was clearly visible along the needle track and in close proximity to the injection site 2 d following transplantation (Fig. 3A) and was found to penetrate throughout various hippocampal subfields by 2 wk (Fig. 3 B and C) . Further analysis also revealed significant nuclear colocalization in mature neurons (Fig. 3D ) and astrocytes (Fig. 3E) , suggesting that MV fused with and released their cargo into cells within the host brain. These data indicate that MV are taken up by neuronal and astrocytic cell types, but do not preclude an influence of MV-mediated signaling on other cell types in the brain. Although not without caveats and despite uncertainty about target cell specificity, MV cargo can persist within the host brain and exert neuromodulatory effects capable of impacting neurotransmission.
Past work from others and us has shown that irradiation leads to persistent and temporally complex patterns of neuroinflammation (7, 21, 22) . We have shown that transplantation of hNSCs can reduce radiation-induced inflammation to below background levels when assessed 1 or 8 mo after irradiation (5, 7). Current findings indicate that similar results can be obtained with MV grafting, where increased numbers of activated microglia found after irradiation were significantly reduced in the neocortex (layer II/III), hippocampus, and amygdala, which is located distal to the needle track (Fig. 4) . The correlation between reduced yields of activated microglia and improved cognition in grafted cohorts corroborates much of our past data (5, 7, 8) and suggests at least one mechanism by which cranially grafted MV impart their beneficial neurocognitive effects.
There has been a growing realization that activated microglia play an integral role in synaptic remodeling, in part mediated by their capability to prune dendritic arbors and spines (23, 24) . Persistent inflammation caused by age and disease elicits chronic activation of microglia that can reshape the synaptic landscape and compromise cognition (24) . Mice depleted of microglia retain higher levels of dendritic spine density and suffer few if any adverse neurocognitive outcomes (25) . To ascertain the potential functional consequences of MV-mediated reductions in activated microglia, experimental cohorts were subjected to Golgi staining for the structural assessment of GCL neurons in the DG of the hippocampus. Compared with controls, quantification of neuronal architectural parameters revealed significant reductions in dendritic arborization following irradiation (Fig. 5) . Overall, dendritic length, volume, and complexity were reduced significantly 6 wk after exposure, effects that were ameliorated in cohorts receiving MV transplantation. Animals treated with MV showed marked increases in dendritic arborization, reflecting either increased sprouting stimulated by grafting or reduced dendritic pruning, possibly due to the suppression of activated microglia. In either case, data clearly demonstrate that MV grafting either protected host neuronal structure or promoted its recovery following irradiation.
Stem cell-based therapies have received significant attention due to their realized or potential promise in alleviating virtually any disease, degenerative, or age-related disorder (8, 26, 27) . Much of this work has also highlighted the importance of trophic support, particularly for the longer-term recovery from normal tissue injury (6, 7, 15) . Although the mechanisms underlying the beneficial effects of stem cell transplantation are certain to be complex and multifaceted, present findings suggest that secreted MV likely play an important role in mediating trophic support derived from multipotent stem cells. MV contain a wealth of bioactive cargo ranging from long noncoding to micro-RNAs, neurotrophic factors, membrane-bound receptors, and other small molecules capable of playing a variety of neuromodulatory roles (23, 24) . These factors could directly or indirectly stimulate astroglial-derived plasticity or neuronal support through enhanced remyelination, neurogenesis, immunemodulation, the delivery of antioxidants, the secretion of neurotrophic factors, addition of membrane-bound receptors, the replenishment of neurotransmitter pools, or improved synaptic connectivity by attenuating intercellular signaling and the degradation of neuronal structure after irradiation (24) . Furthermore, the neurocognitive benefits of MV transplantation are likely to be enhanced when provided before the onset of more irreversible neuropathology. Although the specific factor or combination of MV-derived molecules mediating neuroprotective phenotypes was not identified, MV do provide attractive transplantation alternatives to stem cells. Engraftment of MV to restore cognition avoids the risk of teratoma formation in the brain and minimizes host graft rejection, obviating the need for administering complex immunosuppression protocols. Although longer-term studies are needed to elucidate the potential therapeutic efficacy of MV grafting, current proof-of-principle studies demonstrate the promise of using MV to reduce the normal tissue complications associated with the radiotherapeutic management of cancer.
Methods
Detailed methods and procedures regarding cognitive testing, stem cell and MV isolation, and morphometric and stereological assessments of neurons and microglia are provided in Cognitive Testing.
Animals and Irradiation. All animal procedures are in accordance with NIH and were approved by the University of California Institutional Animal Care and Use Committee. Four-month-old male immunodeficient athymic nude (ATN) rats (Cr:NIH-Foxn1rnu, strain 316; Charles River) were maintained in sterile housing conditions (20°C ± 1°C; 70% ± 10% humidity; 12 h:12 h light and dark cycle) and had free access to sterilized diet and water. The ATN rats were divided into three experimental groups (n = 8-12 per group): 0 Gy receiving sham surgery (Con), 10 Gy head-only irradiation receiving sham surgery (IRR), and 10 Gy head-only irradiation receiving MV grafting (IRR+MV). For cranial irradiation, animals were anesthetized [2.5% (vol/vol) isoflurane/oxygen], placed ventrally on the treatment table (XRAD 320 irradiator; Precision X-Ray) without restraint, and positioned under a collimated (1.0 cm 2 diameter) beam for head-only irradiation delivered at a dose rate of 1.0 Gy/min.
hNSC Culture, MV Isolation, and Characterization. The use of hNSCs was approved by the Institutional Human Stem Cell Research Oversight Committee. The validation, expansion, and characterization of hNSCs (ENStem-A; EMD Millipore) followed previously published procedures (4, 28) . MV were isolated and purified from conditioned hNSC culture medium by ultracentrifugation (29) and characterized using a NanoSight 3000 (Malvern Instruments). The location of engrafted MV was determined using fluorescently labeled MV (CD63-GFP + ).
Transplantation Surgery. At 2 d postirradiation, each rat received bilateral, intrahippocampal transplantation of MV suspended in vehicle (hibernation buffer) using a 33-gauge microsyringe at an injection rate of 0.25 mL/min. Each hippocampus received four distinct injections of MV (∼1.0 × 10 10 in 2 μL) per hemisphere using precise stereotaxic coordinates, as described previously (3) . Sham surgery controls received equal volumes of sterile vehicle at the same stereotaxic coordinates. Animals were anesthetized using isoflurane/oxygen [5% (vol/vol) induction, 2.5% (vol/vol) maintenance; VetEquip].
Cognitive Testing. To evaluate the outcome of MV transplantation on cognitive function, rats from each group were subjected to cognitive testing 1 mo after transplantation surgery. Cognitive testing was conducted over 3 wk and included four different open arena tasks followed by contextual and cued FC as described in detail previously (8, 30) .
Tracking MV Engraftment. The intracranial location of GFP + -engrafted MV was followed 2 d and 2 wk following surgical transplantation. Animals were processed for immunohistochemistry to determine the time-dependent distribution and intracellular location of fluorescently labeled MV cargo. For further details, refer to Cognitive Testing.
Neuroinflammation. Following cognitive testing, animals were killed and perfused with 4% (wt/vol) paraformaldehyde/PBS. Animals subjected to behavioral testing were segregated equally for morphometric or immunohistochemical analyses (n = 4-8 per group), and brain tissues were processed for coronal sectioning using a cryostat. Immunostaining for activated microglia (ED-1 + cells) was carried out on serial sections (30 μm) as described previously (5) . To facilitate color development, ABC Elite and Vector SG kits were used according to the manufacturer's instructions (Vector Laboratories). Sections were mounted on gelatin-coated slides, air-dried, dehydrated, and counterstained with nuclear fast red (Vector Labs). To determine the number of activated microglia (ED-1 + ), the DH, DG, and CA3 and CA1 regions of the hippocampus, neocortex (layer II/III, 1,000 × 500 μm), and amygdala were analyzed by stereology.
Neuron Structure Analysis. Extracted brains were subjected to Golgi-Cox impregnation and staining of neurons as per the manufacturer's instructions (SuperGolgi kit, Bioenno Tech.), sectioned (150 μm), and counterstained by nuclear fast red. The morphometric analysis of mature neurons in the hippocampal DG was carried out as described previously (8) .
Statistics. Statistical analyses were carried out using GraphPad Prism (v6). One-way ANOVA was used to assess significance between groups. When overall group effects were found to be statistically significant, a Bonferroni multiple comparisons test was used to compare the individual groups. For analysis of FC data, RM twoway ANOVAs were performed. All analyses considered a value of P ≤ 0.05 to be statistically significant.
